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breaking. We consider the effects of such symmetry breaking during an era of
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of inflation which leave a distinctive signature in the spectrum of the gener-
ated scalar density perturbation. Thus measurements of the spectral index
can directly probe the structure of unified theories at very high energy scales.
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acteristic suppression of the secondary Doppler peaks in the angular power
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I. INTRODUCTION
Cosmological inflation is an attractive idea in search of a basis in physics beyond the Standard
Model [1]. It has become increasingly clear over the past decade that the most compelling such
extension of physics is the local version of supersymmetry (SUSY), i.e. supergravity (SUGRA) [2].
This provides a natural framework for obtaining the required extremely flat and radiatively stable
potential for the scalar ‘inflaton’ field φ, the large and approximately constant vacuum energy
of which drives an exponential increase of the scale-factor and is then converted to radiation
when the inflaton settles into its global minimum [3,4]. There has also been impressive progress in
astronomical observations of large-scale structure (LSS) in the universe [5] and of angular anisotropy
in the cosmic microwave background (CMB) [6], which provide detailed constraints on the spectrum
of quantum fluctuations generated during the inflationary De Sitter era, and therefore on the
inflaton potential [7]. Together these advances promise to shed light on the structure of the theory
at very high energies for it is known [1,7] that the amplitude of the large angular scale CMB
fluctuations observed by COBE require the energy scale Λ of the responsible inflationary era to be
well above the electroweak scale.1 We refer to this era as ‘primordial inflation’.
Most SUGRA models of inflation studied so far contain the inflationary potential in a sector
termed ‘hidden’ because it is coupled only gravitationally to the visible sector containing the quarks
and leptons and the states responsible for their non-gravitational interactions. This is done because
the required flatness of the inflaton potential is easily maintained in the hidden sector. In such
schemes, the physics of the visible world appears to play no significant role during inflation. In
this paper we will demonstrate that this is not necessarily the case because the visible sector may
undergo spontaneous symmetry breaking during inflation. This can have significant effects on the
quantum fluctuations of the inflaton through the inevitable gravitational interactions.
There are two essential requirements for this to have observationally interesting effects. The
phase transition should occur during inflation and the subsequent amount of inflation should be
small enough so as not to inflate the density perturbation generated during the phase transition
to scales beyond the present horizon. Both conditions are naturally met in supergravity models.
To see this, let us consider the origin of symmetry breaking in supergravity theories. We view
these as the effective “low-energy” theories originating from the underlying unified ‘Theory of
Everything’, the only viable candidate for which is the superstring. In the latter, the fundamental
scale is the string tension which may be re-interpreted as the Planck scale; all other scales must
be generated by spontaneous symmetry breakdown. How does this occur? The first requirement
is a source of SUSY breaking. The origin of this is not firmly established but the most promising
mechanism is through a stage of dynamical symmetry breaking involving a strongly coupled hidden
sector. In analogy with QCD it is then reasonable to assume that the strongly interacting fermions
— the gaugino partners of the gauge boson of the strong group — form a condensate which
necessarily breaks local SUSY. The scale of SUSY breaking is the scale at which the coupling
becomes strong and thus, like QCD, can be far from the Planck scale. Once SUSY is broken, this
breaking is communicated to all sectors of the theory via gravitational interactions.
1These fluctuations are on angular scales much bigger than the (apparent) causal horizon at the last scat-
tering surface of the CMB, thus arguing for an inflationary origin. The fluctuation amplitude is proportional
to the Hubble rate during inflation, hence to Λ2.
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For our present purposes all we need to assume is some mechanism that gives such an initial
source of ‘soft’ SUSY breaking mass terms for all the fields of the theory. The scale for these
is set by the gravitino mass m3/2, which must be of O(mW ) if the hierarchy problem is to be
solved allowing for a small electroweak breaking scale. Now consider the possible sources of gauge
symmetry breaking. In supersymmetric theories there are many ‘flat’ directions, even amongst
fields with large gauge (or other) couplings. These are directions in field space along which, in
the absence of SUSY breaking, the potential identically vanishes or occurs only in higher order,
suppressed by some power of the Planck scale. Along such directions, which we will characterize
by the field ρ, the SUSY breaking mass terms will be the dominant terms in the potential. If
the mass-squared is negative at the origin of field space, symmetry breaking occurs along the flat
direction and the vacuum expectation value (vev) of ρ, which we denote by Σ, will be determined
by the stabilizing higher order terms. Since these are small, the vev Σ will be very large and can be
close to the Planck scale. The important point is that the SUSY breaking trigger for fields in the
visible sector is small, of O(m3/2). This is true even though the scale of symmetry breaking thus
generated is very large. It is now easy to see why such a stage of symmetry breaking in the visible
sector must necessarily occur during primordial inflation. The reason is that the gauge and/or
Yukawa interactions of the field ρ will ensure that it is in thermal equilibrium before inflation.
Thus there will be stabilizing terms ∝ ρ2T 2 in the full effective potential V (φ, ρ, T ) which will
prevent the transition to the asymmetric minimum from occurring until the temperature drops to
T ∼ m3/2. This happens only after several e-folds of inflation as we shall demonstrate. Thereafter
the phase transition will occur but this will affect the inflaton sector only through gravitational
corrections. If these are small, inflation will continue.
Thus we have the first ingredient necessary for imprinting structure onto the (nearly) scale-
invariant scalar density perturbation generated during inflation because, as the phase transition
occurs, the mass of the inflaton changes through its gravitational coupling to ρ. This would
be irrelevant if inflation continues afterwards for more than about 50 e-folds for then any such
structure would then be inflated to spatial scales larger than our present horizon. However this
may not happen if there is more than one stage of intermediate scale symmetry breaking. Then
there will be several phase transitions in succession each of which imprints structure on the density
perturbation. At each stage there is the possibility that the gravitational coupling of the inflaton
to the visible sector may change the inflaton potential to such an extent that it causes inflation
to end. This provides the second essential ingredient in that it makes it likely that the structure
in the density perturbation produced during the previous phase transitions will be inflated by a
limited number of e-folds and thus may still remain within our observable horizon.
This is not yet the end of the story because on reheating after inflation, the symmetries in the
visible sector may be restored by thermal effects. Thus as the universe cools during the radiation-
dominated era, the field ρ may again be trapped at the origin until the temperature drops below
T ∼ m3/2. Now the potential energy in the visible sector will dominate and generate a late era
of inflation. When this behaviour was first noticed a decade ago [8,9] it was considered to be an
“entropy crisis” since it would erase the baryon asymmetry presumed to have been generated at
the GUT scale. We know now that there are several plausible mechanisms for low temperature
baryogenesis well below the GUT scale, for example electroweak baryogenesis [10] as well as the
Affleck-Dine mechanism which is specific to the flat directions under discussion [11]. Therefore late
inflation is no longer a fatal problem. Indeed the above mechanism has recently been revived [12]
under the name ‘thermal inflation’ to offer a plausible solution to the problem of overproduction
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(after primordial inflation) of moduli fields with electroweak scale (or heavier) masses. Again the
crucial observation is that only a limited number of e-folds of inflation occur, so such late inflation
[13] does not destroy the success of primordial inflation in providing the density perturbation
responsible for the CMB anisotropy observed by COBE and necessary to seed the growth of the
observed large-scale structure.
With this motivation we now turn to a quantitative study of such multiple inflation in super-
gravity models. A preliminary account of this work was presented earlier [14].
II. THE SCALAR POTENTIAL IN SUPERGRAVITY
In this section we review the form of a N = 1 supergravity potential. The results of relevance
to the inflationary potential will be summarised in the next section so the reader not interested in
the fine details may skip this section.
In constructing a model of inflation we are interested in the form of the potential for the scalar
‘inflaton’ field, viz. the order parameter associated with a phase transformation which generates a
period of exponentially fast growth of the cosmological scale parameter. In N = 1 supersymmetric
theories with a single SUSY generator, complex scalar fields are the lowest components, φa, of
chiral superfields, Φa, which contain chiral fermions, ψa, as their other components. In what
follows we will take Φa to be left-handed chiral superfields so that ψa are left-handed massless
fermions. Masses for fields will be generated by spontaneous symmetry breakdown so that the
only fundamental mass scale is the normalized Planck scale, M ≡ MP/
√
8π ≃ 2.44 × 1018 GeV.
This is aesthetically attractive and is also what follows if the underlying theory generating the
effective low-energy supergravity theory follows from the superstring. The N = 1 supergravity
theory describing the interaction of the chiral superfields is specified by the Ka¨hler potential [2],
G(Φ,Φ†) = d(Φ,Φ†) + ln |f(Φ)|2. (1)
Here d and f (the superpotential) are two functions needed to specify the theory; they must be
chosen to be invariant under the symmetries of the theory. The dimension of d is 2 and that of f
is 3, so terms bilinear (trilinear) in the superfields appear without any mass factors in d (f). The
scalar potential following from eq.(1) is given by [2]
V = exp
(
d
M2
)[
FA
†
(dBA)
−1FB − 3 |f |
2
M2
]
+D− terms , (2)
where
FA ≡ ∂f
∂ΦA
+
(
∂d
∂ΦA
)
f
M2
,
(
dBA
)−1 ≡
(
∂2d
∂ΦA∂Φ†B
)−1
. (3)
We follow ref. [15] in expanding f and d as a series in M
f(z, y) =M2f (2)( zM ) +Mf
(1)( zM ) + f
(0)( zM , y) ,
d(z, z†, y, y†) =M2d(2)( zM ,
z†
M ) +Md
(1)( zM ,
z†
M ) + d
(0)( zM ,
z†
M , y, y
†) . (4)
Here z are chiral superfields whose scalar component have large vevs and y correspond to those
fields which do not have large vevs and which remain light. Thus the superfields y cannot appear
multiplied by powers of M , hence the form of eq.(4).
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If, as is the case in theories descending from the superstring, there are no mass scales other than
M and those induced by spontaneous breaking, we have for the terms generating the renormalizable
self couplings of the light fields y the form [16]
f (0)( zM , y) =
∑
n
cn(z)g
(3)
n (y) ,
d(0)( zM ,
z†
M , y, y
†) = yaΛba(
z
M ,
z†
M )y
†
b +
∑
m
c′m(
z
M ,
z†
M )g
(2)
m (y) + h.c. , (5)
where g
(3)
n (y) and g
(2)
m (y) are, respectively, the trilinear and bilinear terms in ya allowed by the
symmetries of the theory. In addition there will be further terms in eq.(5) suppressed by inverse
powers of M which generate non-renormalizable terms involving the light fields y in the effective
low energy Lagrangian.
From ref. [16], the terms in the effective potential which survive in the M →∞ limit (keeping
terms of order z/M) are:
V ≈
∣∣∣∣ ∂gˆ∂ya
∣∣∣∣
2
+m23/2y
aSbay
†
b + [m
†
3/2(y
aRba
∂gˆ
∂yb
+
∑
n
(An − 3)gˆ(3)n
+
∑
n
(Bm − 2)µmg(2)m ) + h.c.] + D− terms , (6)
where
m3/2 ≡ 〈ed
(2)/2f (2)〉 (7)
is the gravitino mass, and
Sba = δ
b
a +M
2
〈
ρ†i

∂Λbc
∂z†j
∂Λca
∂zi
− ∂
2Λba
∂z†j∂z
i

 ρj
〉
, Rba = δ
b
a −M
〈
ρ†i
∂Λba
∂zi
〉
, (8)
where
ρj ≡

M ∂2d(2)
∂zi∂z†j


−1
∂
∂zj
(ln f (2) + d(2)) . (9)
Here gˆ is the superpotential for the light fields defined by
gˆ(y) =
∑
n
gˆ(3)n (y) +
∑
m
µmg
(2)
m (y) , (10)
with
gˆ(3)n (y) = 〈ed
(2)/2S〉cn(〈 zM 〉)g(3)n (y) , µm = m3/2
〈(
1−Mρi ∂
∂z†i
)
c′m(
z
M ,
z†
M )
〉
. (11)
The coefficients An and Bm are given by
An =M
〈
ρ†i
∂
∂zi
[d(2) + ln cn(
z
M )]
〉
,
Bm =
〈
2 +M

ρ†i ∂
∂zi
− ρi ∂
∂z†j

−M2ρ†iρj ∂2
∂zi∂z†j

 c′m( zM , z†M )
(1−Mρi ∂
∂z†
i
c′m(
z
M ,
z†
M )
〉
. (12)
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A. Constraints on the inflaton potential
The question whether the form of eq.(6) is such as to generate a period of inflation has been
considered extensively in the literature [4]. For our purposes here it is sufficient to introduce a
general formalism encompassing the various possibilities by expanding the (slowly varying) poten-
tial about the value φ∗ in inflaton field space at which the quantum fluctuations of interest are
produced. Thus we write φ = φ˜+ φ∗ (in units of M) and expand the inflaton potential as
VI(φ) = Λ
4
[
1 + c1φ˜+ c2φ˜
2 + c3φ˜
3 + c4φ˜
4 + . . .
]
. (13)
Here we have factored out the overall scale of inflation Λ which is usually required to be ∼ 10−4M
in order to account for the CMB anisotropy observed by COBE [17,18].2 Note that since a non-zero
potential breaks supersymmetry, the magnitude of SUSY breaking during inflation is different from
that after inflation. During inflation the gravitino mass receives a contribution of order the Hubble
parameter [19] which, in this case, is
|m3/2| ∼
Λ2
M
∼ 10−8M , (14)
i.e. much larger than its nominal value of O(mW ).
The constraints on the parameters in the potential following from the ‘slow-roll’ conditions [7]
for successful inflation are
c1 ≪ 1 , c2 ≪ 1 , c3φ˜≪ 1 , c4φ˜2 ≪ 1 , . . . (15)
We focus on ‘new inflation’ in which initially φ˜≪ 1, so the constraints are only severe for c1 and c2.
A variety of models have been examined in which these constraints are automatically satisfied [4].
For example symmetry may give c1, c2 = 0 while c3 and c4 are of O(1) [17,18]. More interestingly,
the problematic quadratic term may dynamically relax to zero by virtue of an infrared fixed point
at the origin for the coupled equations of motion of the inflaton field φ˜ and the modulus field ϕ
which determines its couplings [20]. This requires only that the kinetic term have a symmetry
leading to (pseudo) Goldstone modes and the resulting scalar potential then has the form (13)
with the coefficients
c1 = 0 , c2 ∼ ϕ , c3 ∼ 1 , c4 ∼ 1 , . . . (16)
The fields are driven to the initial values ϕ, |φ˜| ∼ H so the ‘quadratic’ and cubic terms become
comparable; thereafter φ˜ grows more rapidly than ϕ and the cubic term soon dominates [20]. This
results in a ‘tilted’ spectrum for the scalar density perturbation which solves the problem of excess
power on small spatial scales in the COBE-normalized cold dark matter (CDM) cosmogony.
For the present discussion, the precise form chosen is not crucial, so we proceed under the
assumption that there is a hidden sector inflationary potential satisfying the slow-roll conditions.
2Later we will discuss ways in which this constraint may be relaxed.
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III. MULTIPLE PRIMORDIAL INFLATION
As discussed above, supersymmetric theories may have ‘flat’ directions in field space along
which combinations of fields may acquire vevs without changing the potential significantly. Gauge
singlet moduli fields of the type found in superstrings [21] provide an example of this, having
absolutely flat potentials in the absence of SUSY breaking. The same may be true for strongly
interacting fields e.g. gauge non-singlets may acquire vevs along ‘D-flat’ directions. Along these flat
directions it is the SUSY breaking masses that determine the vevs. For example, if the potential
for a field y is completely flat in the absence of SUSY breaking, the superpotential f in eq.(1)
vanishes identically and the scalar potential is given by eq.(6) as
V ≈ m23/2(S|y|2 + Ty2 + h.c.) , (17)
where
Sab = Sδ
a
b , T = (Bm − 2 + 2R)
〈(
1−Mρi ∂
∂z†i
)
c′m(
z
M ,
z†
M )
〉
∂2g
(2)
m
∂y2
, Rab = Rδ
a
b . (18)
We see that the scalar potential is proportional to the square of the SUSY breaking parameter
m3/2, thus vanishing in the supersymmetric limit.
Let us now consider the potential for a field ρ which triggers a stage of symmetry breaking in
the visible sector (for simplicity ρ may be taken to be real). The full scalar potential describing
the inflaton field φ and the visible sector field ρ is
V = VI(φ) +m
2( ρM ) ρ
2[1 +O( ρM )] . (19)
Here we have allowed for the effect of radiative corrections in the visible sector which cause the
SUSY breaking mass m to run, with corrections dependent on the logarithm of ρ/M . If m2 is
positive at the Planck scale but changes sign due to these radiative corrections at a scale Σ, the
potential will have a minimum at an ‘intermediate’ scale very close to Σ. In the case the flat
direction described by ρ is only approximately flat, there will be additional terms in the potential
proportional to ρN/MN−4 which will provide a stable minimum even if the SUSY breaking mass-
squared is negative at the Planck scale. However even in this case the vev of the field ρ at
the minimum will be large, of O(MN−4m23/2)1/(N−2). Let us denote this scale too by Σ. For
future reference we note that the depth of the potential in both cases is given approximately by
m23/2Σ
2 ∼ Λ4(Σ/M)2.
We are interested in the case ρ is a visible sector field having strong (gauge and/or Yukawa)
interactions which will maintain it initially in thermal equilibrium with a potential of the form [8]
V (φ, ρ, T ) = VI(φ) +
[
−|m|2( ρM ) + αT 2
]
ρ2[1 +O( ρM )] . (20)
where we have now explicitly indicated that m2 is negative. This form applies for values of the ρ
field small enough that its mass is less than the temperature. Since ρ has strong couplings this
essentially requires ρ < T . Above this scale the thermal term in the effective potential above
vanishes. Thus the thermal term creates a potential barrier of height ∼ T 4 in between ρ ∼ T
and ρ ∼ T 2/|m|, which prevents the vev of ρ from developing until the temperature drops to
Tf ∼ |m| ≈ |m3/2| and the barrier disappears [8,22]. However, before this happens but after
T drops below Ti ∼ V 1/4 ≈ Λ, the approximately constant potential term VI(φ) dominates the
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thermal energy, driving a short period of inflation. Note that Tf is determined by the value of m
(given by eq.(14)) during this period of inflation, i.e. Tf ≈ V 1/2I /M . The important point is that
the extent of this inflationary period is thus limited to ln(Ti/Tf) ∼ ln(M/Λ) i.e. about 10 e-folds
for Λ ∼ 10−4M . Subsequently the field ρ evolves to its global minimum at Σ according to the
governing equation
ρ¨+ 3Hρ˙+
dV
dρ
= 0 , (21)
so its growth (for 〈ρ〉 ≪ Σ) obeys
ρ = ρ0 exp

3Ht
2


√
1 +
8m2
9H2
− 1



 . (22)
Since |m| ∼ H we have ρ ∼ ρ0eHt with ρ0 <∼ Tf , so there is a further ∼ ln(ΣM/Λ2) e-folds of
inflation before ρ settles into its minimum and releases its stored energy. (However, because of the
exponentially fast growth, most of the actual increase in 〈ρ〉 occurs in the last 1–2 e-folds.) Thus
the total number of e-folds of inflation is:
N prim1 ∼ ln
(
ΣM2
Λ3
)
. (23)
As the intermediate scale transition occurs energy is released and there is the possibility of reheating
in the visible sector to which ρ is coupled. However fields strongly coupled to ρ will obtain a large
intermediate scale mass and thus will not be readily produced by ρ decay or by its rescattering
products. Thus one must consider only reheating processes to visible sector states χ which have
coupling hρ2χ2 with the coupling constant h constrained by h〈ρ〉 < TR, where TR is the reheat
temperature. With such a small coupling the energy release does not lead to reheating above the
Hawking temperature TH = H/2π in the De Sitter vacuum because of the large Hubble parameter
during primordial inflation.
After the phase transition inflation continues but with a reduced scale, i.e.
VI → VI
[
1−
(
Σ
M
)2]
. (24)
This will have the effect of changing the amplitude of the generated density perturbation (see
eq.(29)), albeit by a negligible amount for small Σ/M . A more significant change to the density
perturbation will occur however due to the inevitable gravitational coupling between the ρ and φ
sectors, changing the inflaton mass. Note that since the latter is anomalously small relative to the
Planck scale, small changes in it have a disproportionately large effect. The magnitude of this effect
is easily estimated by adding to the effective low energy theory, terms allowed by the governing
symmetries. Thus we may expect 3 in eq.(1) a term d ⊃ βφφ†ρ2/M2. Following from the scalar
3Here we have assumed that φ transforms non-trivially under the symmetries of the theory so that φφ† is
the first invariant. We also assume that inflation occurs near φ = 0, i.e. φ∗ = 0 in eq.(13). It is easy to
generalize the discussion to cover other possibilities.
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potential (2) this gives a contribution to the inflaton mass of 4
δm2φ ∼ m23/2 β
(
Σ
M
)2
, (25)
to be compared with the effective inflaton mass during inflation given by eqs.(13) and (16),
m2φ = m
2
3/2 c3
(
〈|φ˜|〉
M
)
. (26)
For β(Σ/M)2 of O(c3(〈|φ˜|〉/M)), the inflatonary potential will be significantly modified and hence
so too will be the density perturbation which is sensitive to the inflaton mass.
Of course if the second period of inflation continues for more than about 50 e-folds the difference
in the density perturbations produced in the two periods of inflation becomes observationally
irrelevant. However, analyses of realistic models suggest there may be several flat directions and
several stages of spontaneous symmetry breaking, so we may expect this new period of inflation to
be short-lived as well because of a further stage of intermediate scale symmetry breaking (at a scale
Σ2) either running concurrently or triggered by the first stage of breaking (through the effect on
the mass of the second ‘flat direction’ field of the vev of the first). This second period of inflation
lasts just
N prim2 ≈ ln
(
Σ2
Σ
)
, ln
(
Σ2M
Λ2
)
(27)
e-folds for the two cases respectively. As before, after the second stage of breaking is completed, the
form of the inflation potential may change significantly due to the gravitational coupling between
the inflaton and ‘flat’ sectors. The whole process may continue for as many stages of intermediate
scale breaking as there are flat directions.
What about the end of inflation? There are two possibilities. The first is that the end occurs in
the usual manner when the inflaton vev becomes of O(M). Since the overall number of e-folds of
inflation in a ‘slow-roll’ model is very large (see e.g. [18,20]), one may expect that the total number
of e-folds in the last period of inflation, after intermediate scale breaking, is also quite large, much
greater than 50, so the effect of the previous eras of intermediate scale breaking is observationally
irrelevant. The second, more interesting, possibility is that at the end of one of the intermediate
breaking stages the modification of the inflaton potential is so great that it ceases to satisfy the
slow-roll conditions. As we have discussed (c.f. eq.(25)) this happens if β(Σi/M)
2 ∼ 1, for then the
change in the φ potential violates eq.(15). In this case the corresponding intermediate scale phase
transition ends inflation. Note that this may occur at any of the symmetry breaking stages since
there is no requirement for the various intermediate scales Σi to be all of the same magnitude. This
follows because these depend sensitively on the form of the non-renormalizable higher dimension
terms which lift the flatness of the potential in the supersymmetric limit.
When inflation is terminated, the potential energy Λ4 of the inflaton φ is released. Reheating
is inefficient in our model [17] as the inflaton has only gravitational couplings to the visible sector
4From eq.(2) it is easy to see that the change in VI due to the intermediate scale transition also induces
changes in mφ of the same order.
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resulting in a slow decay rate Γφ ∼ Λ6/M5. As discussed earlier [18], the temperature at the
beginning of the standard radiation dominated era is consequently low:
T primR ∼
(√
30
π2g∗
ΓφM
)1/2
∼ 105 GeV, (28)
taking g∗, the effective number of relativistic degrees of freedom in the plasma, to be 915/4 as in
the MSSM for T ≫ mW . There is no parametric resonance [23] since the inflaton has no coupling
to the visible sector fields χ of the form φ2χ2 but only terms involving χ3 [18]. This is because the
supergravity couplings involve the square of the superpotential f which is trilinear in the scalar
fields, therefore bilinear terms are suppressed by mχ/M . Note that even if the reheating were to
be prompt due to an enhanced decay rate, energy conservation imposes the absolute bound
T primR ∼
(√
30
π2g∗
HM
)1/2
<∼
Λ
3
.
A. The scalar density perturbation
The case inflation ends due to an intermediate scale transition after a series of such intermediate
scale transitions implies a novel and interesting structure for the spectrum of the scalar density per-
turbation. In this picture our observational universe has resulted from a succession of inflationary
periods, each lasting a relatively small number e-folds. The magnitude of the density perturbation
during each period is determined by a combination of the parameters in the inflationary sector and
in the intermediate scale sector. Thus we have a natural model for features in the perturbation
spectrum which may be probed by observations of LSS and the CMB.
The magnitude of the density perturbation produced in a theory with multiple scalar fields has
been discussed in ref. [24] following the formalism of ref. [25].5 During inflation, fluctuations in
both the ρ and φ fields lead to density perturbations. Their impact depends on the sensitivity of
N — the number of e-folds of inflation from the time the fluctuations are produced until the end
of inflation — to ρ and φ. We are interested in the density perturbation produced about 40–50
e-folds before the end of inflation since this is the range to which observations are sensitive. As
we have discussed an intermediate scale phase transition occurring at this time will be completed
well before inflation ends. Thus the dominant density perturbation arises from the usual quantum
fluctuations δφ ∼ H. We conclude that, even though this is a two-scalar field problem, the usual
form [7] for the spectrum of scalar adiabatic density perturbation does apply:
δ2H(k) =
H2
2πφ˙
=
1
75π2M6
(
V 3
V ′2
)
⋆
, (29)
where ⋆ denotes the epoch at which a scale of wavenumber k crosses the Hubble radius H−1 during
inflation. The spectral index, defined as below, is then given by [7]
5Strictly speaking this discussion applies in the slow-roll approximation (albeit to second-order) which is
not always valid during the evolution of ρ; however the general features used here do apply.
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nR(k)− 1 ≡ d ln δ
2
H(k)
d ln k
= −3M2
(
V ′
V
)2
⋆
+ 2M2
(
V ′′
V
)
⋆
. (30)
However this does not mean that the produced density perturbation is insensitive to the intermedi-
ate scale because the φ potential is altered after the intermediate scale transition changing δH and
nR. The magnitude of these changes depends on the details of the theory (c.f. the dependence in
eq.(25) on the parameter β). Before and after the intermediate scale transition the density pertur-
bations are nearly scale invariant (with a small ‘tilt’ [20]) but the amplitude of the perturbation
may differ substantially. Inflation continues in the period between these two bursts of inflation but
the spectral index will necessarily change from unity in order to accommodate the change in the
magnitude of the perturbation before and after the transition. Typically nR will drop to around
zero if the terms on the rhs of eq.(30) become comparable. (To track nR(k) precisely through
the phase transition requires numerical solution of the equation of motion for the inflationary field
perturbation on spatially flat hypersurfaces [25], as has been done for some toy models [26].) This
change occurs in the time it takes for the ρ field to change by O(Σ), i.e. just 1–2 e-folds.6
Multiple inflation also has an interesting implication for the scale of inflation Λ in eq.(13). In the
case of single inflation this scale is constrained by normalizing the generated density perturbation
(29) to the COBE measurement of the CMB anisotropy. This refers to a length scale which crossed
the Hubble radius about 50 e-folds before the end of inflation (see eq.(41)) so the corresponding
value of φ⋆ is obtained by integrating the evolution equation for φ (similar to eq.(21)) 50 e-folds
back from the end of inflation. This is usually assumed to occur when the slow-roll conditions
are violated due to the increasing steepening of the potential as 〈φ〉 approaches M (e.g. ref. [18]).
However in multiple inflation, the end of inflation is determined instead by an intermediate scale
transition so φ⋆ can be significantly smaller. As a result, Λ may be reduced to compensate for the
reduction in V ′ (see eq.(29)), while maintaining the same amplitude for the density perturbation.
Such a change would allow us to identify Λ with the usual SUSY breaking scale in a hidden sector.
This avoids the necessity of introducing two separate scales [27] or of arguing for a different scale
of SUSY breaking during and after inflation [18].
To summarize this section, we have examined the implications of an era of primordial inflation
due to a hidden sector for symmetry breaking phase transitions in the visible sector. Transitions
along flat directions necessarily occur during inflation and can lead naturally to a ‘graceful exit’
from inflation. As a result primordial inflation may occur in several short bursts producing near
scale-invariant density perturbations during each burst but with different amplitudes. Moreover in
the relatively brief period (1–2 e-folds) corresponding to the transition between the bursts, scale-
invariance is badly broken and the spectral index of the density perturbation changes from its usual
value around unity. In such a picture the implications of the observed large-scale structure in the
universe for the cosmological parameters (Ω, ΩN, h . . . ) and the question whether a component
of hot dark matter is required must be re-examined. We discuss this in a later section but first we
consider yet another twist to the story, namely the possibility that as primordial inflation ends,
the intermediate scale symmetry breaking fields are reheated and the symmetry is restored. In this
case the subsequent cosmological history will involve ‘thermal inflation’ [12].
6Although the ρ field may take many more e-folds to flow to its minimum (c.f. the discussion preceding
eq.(23)), over most of this period its vev changes by a negligible amount compared to Σ and so does not
significantly alter the φ potential.
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IV. LATE THERMAL INFLATION
After primordial inflation ends the potential energy stored in the inflaton is released reheating
the visible sector to the temperature (28) and allowing the possibility of symmetry restoration
through thermal effects.7 This is most likely along flat directions because the potential barrier
between the symmetric and broken symmetry phases is smallest along these directions. The po-
tential is again given by eq.(20) where VI is constant as φ now sits at its minimum at M . (Note
that the scale of m is now the scale of SUSY breaking after primordial inflation, i.e. of O(mW ).)
If the reheat temperature T primR following primordial inflation (28) is greater than m(Σ/M), one
sees that the true minimum lies at the origin. However there is a potential barrier between this
and the minimum at Σ, with height ∼ m2Σ2. Therefore only if the reheat temperature exceeds
∼ √mΣ can the symmetric minimum be reached. Note also that use of the effective potential (20)
requires that thermal equilibrium be established and this will not happen if the states to which ρ
strongly couples have masses higher than the reheat temperature. Since these masses are of O(Σ)
the stronger constraint T primR > Σ applies. Even allowing for the possibility that reheating may
be more efficient than the estimate in eq.( 28), the maximum possible value of T primR is just Λ so
the condition Σ < Λ is essential for symmetry restoration. In general reheating by a hidden sector
inflaton is likely to be inefficient [18] so it is a model dependent question whether the condition
necessary for symmetry restoration will be satisfied.
If it does, intermediate scale symmetry breaking will be wiped out and the symmetry breaking
fields returned to their high temperature minima at the origin. Thereafter the symmetry breaking
will repeat itself in a manner mirroring what happens during the era of primordial inflation.8
Initially the field ρ is trapped at the origin and the potential is given by the constant VI(Σ).
This has magnitude VI(Σ) ∼ m2Σ2 because the present day vacuum which does have intermediate
scale breaking must have zero cosmological constant so the change in potential energy due to the
intermediate scale breaking must just cancel its initial value. As the temperature drops below
Ti ∼
√
mΣ the constant potential energy drives a further period of inflation which continues until
the temperature in the ρ sector drops below Tf ∼ m, i.e. for
N therm ≃ ln
(
Ti
Tf
)
≃ 1
2
ln
(
Σ
mW
)
, (31)
e-folds [12]. All this happens at a low scale for the value of VI is now m
2
WΣ
2 ∼ Λ4SUSY Σ2/M2,
where ΛSUSY ∼
√
mWM ∼ 1010 GeV is the scale of SUSY breaking in a hidden sector.
Now the ρ decay rate is
Γρ ∼ m
3
Σ2
, (32)
given a coupling λρχ¯χ to light fields and allowing for O(100) degrees of freedom in the final state.
Provided the fields χ to which ρ couples strongly have masses smaller than (half) its own mass and
7There cannot be symmetry restoration by non-thermal effects during the ‘preheating’ phase [28], since
there is no parametric resonance in this case (see comment after eq.28)).
8It is also possible to have additional stages of thermal inflation corresponding to intermediate phase
transitions which do not occur during primordial inflation.
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the reheat temperature, the reheating is rapid and the potential energy is almost entirely converted
into thermal energy. The condition for this is just Γρ >∼ H ≈ mΣ/M , i.e.
Σ <∼
Λ
4/3
SUSY
M1/3
≡ Σcrit ≈ 2× 107 GeV . (33)
Then the reheat temperature is given by
T thermR ∼
(
30
π2g∗
m2Σ2
)1/4 ΛSUSY
3
(
Σ
M
)1/2
≈ 104 GeV
(
Σ
Σcrit
)1/2
for Σ <∼ Σcrit , (34)
taking g∗, the effective number of relativistic degrees of freedom in the plasma to be 915/4 as in
the MSSM for T ≫ mW . If reheating is inefficient, the value is instead (see eq.(28))
T thermR ∼
(
30
π2g∗
)1/4 Λ3SUSY
ΣM
≈ 104 GeV
(
Σcrit
Σ
)
for Σ >∼ Σcrit . (35)
The above estimates are not altered significantly even if there is a ‘parametric resonance’ [12,22].
As mentioned earlier, the realization that baryogenesis may occur at relatively low temperatures
means that such a late stage of entropy release is now deemed acceptable. This possibility has been
promoted recently [12] since inflation at a low scale solves the cosmological problems associated
with light fields which are generic in supersymmetric and superstring theories [13]. These are:
• The ‘gravitino problem’ associated with the generation of massive, unstable electroweak
scale particles after inflation, e.g. the thermal production during reheating of gravitinos [29],
whose decays can disrupt primordial nucleosynthesis [30], and
• The ‘Polonyi problem’ [31] which refers to the excitation during inflation of light scalar fields
with flat potentials, in particular moduli in superstring theories [32]. These release their
stored energy rather late, thus generating unacceptably large amounts of entropy which
prevents successful nucleosynthesis.
Both these problems involve the production after inflation of states with electroweak scale masses.
If stable, they come to dominate the energy density of the universe and if unstable they decay after
nucleosynthesis leading to unacceptable changes in the synthesised elemental abundances [30].
Thermal inflation solves the gravitino problem by simply diluting to acceptable levels the
abundance of such light states produced after primordial inflation. There is no danger of their
being recreated again afterwards as the reheat temperature following thermal inflation is quite
low. There is also the danger of the light moduli states being produced after inflation through
the conversion of potential energy in the moduli sector released when the fields flow to their true
minimum (a.k.a. the Polonyi problem). Thermal inflation avoids this problem as well because the
potential energy driving thermal inflation is only m23/2Σ
2 and, through gravitational corrections,
generates a mass shift to the light field of O(m3/2Σ/M). This is at most comparable to the mass of
O(m3/2) generated by the SUSY breaking sector. Consequently the potential energy difference in
the moduli sector between the minima during and after thermal is small, so the entropy production
is not so large as to cause cosmological problems. If there is more than one bout of thermal inflation,
the moduli problem is solved for a wide range of the values of Σi [12]. Given these successes, one
might even argue that flat directions leading to thermal inflation should be a necessary ingredient
of cosmologically viable supergravity models; in turn this motivates the possibility of structure in
the spectrum of the density perturbation generated during primordial inflation.
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To summarize, intermediate-scale symmetry breaking can lead to two eras of multiple inflation.
The first era (primordial inflation) occurs at a high scale with a Hubble parameter as high as
∼ 1010 GeV during which the density perturbation responsible for the large-scale structure we
observe today must have been produced. The second era (thermal inflation) occurs at a lower
scale with a Hubble parameter as low as ∼ 10−6 GeV and must last <∼ 25 − 30 e-folds if the
density perturbation produced during the primordial inflation era is not to be erased. Each stage
of primordial inflation may have a corresponding stage of thermal inflation but this is model
dependent, being sensitive to the value of the reheat temperature following primordial inflation.
During the primordial inflationary era, each burst of inflation lasts about 10–20 e-folds. The
density perturbation produced during each burst is nearly scale-invariant but with differing am-
plitudes. Between each burst there is a brief period during which scale-invariance is badly broken
and the spectral index departs from unity (“notches”). The bursts of thermal inflation last about
ln(Σ/mW )/2 ≈ 10 − 15 e-folds, for Σ ∼ (10−8 − 10−4)M . Baryogenesis, and subsequently nucle-
osynthesis, must of course occur afterwards.
Clearly the picture of inflation we have drawn is much more complex than is normally assumed.
We now consider possible tests of this picture through astronomical observations.
V. OBSERVATIONAL TESTS
Observations of large-scale structure in the universe are usually expressed in terms of the power
spectrum P (k) of galaxy clustering. Given this we must first obtain the linear spectrum of matter
fluctuations by allowing for the effects of non-linear evolution as the density contrast becomes of
order unity.9 Then one can deconvolute the linear transfer function T (k), appropriate to the (dark)
matter content, which tracks the scale-dependent rate of growth of linear perturbations. Recall
that the spectrum of rms mass fluctuations after matter domination (per unit logarithmic interval
of wavenumber k) is [5]
∆2(k) ≡ k
3P (k)
2π2
= δ2H(k) T
2(k)
(
k
aH
)4
. (36)
For CDM we use the usual parametrisation [5],
T (k) =
[
1 +
{
ak + (bk)3/2 + (ck)2
}ν]−1/ν
, (37)
with a = 6.4Γ−1h−1Mpc, b = 3Γ−1h−1Mpc, c = 1.7Γ−1h−1Mpc and ν = 1.13, where the ‘shape
parameter’ is Γ ≃ Ωh e−2ΩN [34], ΩN being the fraction of the critical density in nucleonic matter .
The standard tool for studying non-linear evolution is a N-body computer simulation which
directly solves the governing equations [33]. However such simulations become numerically expen-
sive as the number of particles or the dynamic range is increased and a more affordable approach
is to identify a mapping between the linear (L) and nonlinear (NL) spectra [34]:
9The distribution of galaxies may be ‘biased’ with respect to the distribution of the (dark) matter in being
clustered to a greater or lesser extent. To avoid such complications in normalization of the power spectrum,
we focus therefore on the spectral index since such biasing cannot be strongly scale-dependent [5,43].
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∆2NL(kNL) = fNL(∆
2
L(kL)) , kL = [1 + ∆
2
NL(kNL)]
−1/3kNL . (38)
Here the scaling ansatz [35] relates ∆2NL at a given scale to ∆
2
L at a different scale, taking into
account the shrinking (in comoving coordinates) of nonlinear density fluctuations during the non-
linear evolution. A simple physical model of clustering processes predicts a similar correlation
between the linear and nonlinear power spectra with a piecewise scaling function corresponding
to the linear, quasilinear (dominated by scale-invariant radial infall) and nonlinear (dominated by
nonradial motions and mergers) regimes [39].
The universal scaling function, fNL is obtained by a multiparameter fit to N-body simulations
[33]. Two suggested forms are
JMW [36]: fNL(x) = x
[
1 + ay + by2 + cy3 + dy3.5 + ey4
1 + fy3
]1/2
, y =
x
[(3 + n)/3]1.3
, (39)
with a = 0.6, b = 1.0, c = −0.2, d = −1.5, e = 1.0 and f = 0.0037, and
PD [37]: fNL(x) = x
[
1 +Bβx+ (Ax)αβ
1 + {(Ax)αg3(Ω)/(V x1/2)}β
]1/β
, (40)
where A = 0.482 (1 + n/3)−0.947, B = 0.226 (1 + n/3)−1.778, α = 3.310 (1 + n/3)−0.244, β =
0.862 (1+n/3)−0.287 , V = 11.55 (1+n/3)−0.423 . The former expression (39) has been demonstrated
[38] to work well for the APM data while the latter expression improves on a similar form given
earlier [34] for general CDM spectra.
Using these expressions, we have reconstructed the linear power spectrum from the three-
dimensional P (k) inferred from the angular correlation function of galaxies in the APM survey
[40]. This data set is particularly valuable as it is not subject to redshift-space distortion effects
and currently provides the most accurate and deepest probe of galaxy clustering in the universe.
We determine the spectral index n(k) ≡ d ln P (k)/d ln k as a function of k, so that the primordial
spectral index nR(k) (30) can be obtained simply by subtracting off the slope of the transfer
function (37) for each value of k. This is shown in figure 1 along with the data point nR = 1.2±0.3
at k−1COBE ∼ H−10 ≃ 3000h−1Mpc obtained from the 4-year COBE data [41]. The number of
e-folds before the end of inflation when this particular scale crossed the Hubble radius is usually
obtained from the formula
NCOBE ≡ N⋆(k = kCOBE) ≃ 51+ ln
(
k−1
3000h−1Mpc
)
+ ln
(
V⋆
3× 1014GeV
)
+ ln
(
V⋆
Vend
)
−1
3
ln
(
Vend
3× 1014GeV
)
+
1
3
ln
(
Treheat
105GeV
)
, (41)
where we have inserted appropriate numerical values for the various energy scales in our primordial
inflation model [18,20]. This formula is derived assuming that the thermal history is standard
following reheating after primordial inflation. However as we have seen there will be subsequent
periods of thermal inflation, each of which will reduce NCOBE further by ln(γ)/3 ≈ 15− 20 e-folds,
where γ is the factor by which the comoving entropy is increased. (Obviously only 1–2 such periods
are acceptable.) Denoting the total correction necessary by Ntherm ≡ ΣiN itherm, we write
N⋆(k) ≃ NCOBE −Ntherm , (42)
which is marked on the top axis in figure 1.
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It is seen in figure 1 that there is indeed a distinct “notch” in the primordial spectrum at around
k ∼ 0.1h Mpc−1. The slope drops sharply from about unity to a small negative value before rising
again towards unity, all within about 2 e-folds. Note that this feature is robust with regard to which
analytic form is used to recover the linear spectrum from the APM data. A similar feature is also
evident in the data from the IRAS survey [43]. Given that this feature appears at a spatial scale
of order the horizon at the epoch of (dark) matter domination, it is perhaps natural to interpret
it as reflecting a possible departure from the pure cold dark matter paradigm. However we pursue
the alternative possibility, viz. that it reflects a departure from slow-roll inflation and is present in
the primordial fluctuation spectrum, not just in the present density perturbation. to discriminate
between these possibilities requires better data such as would be provided by the ongoing 2DF
redshift survey. Note that a second “notch” may be present at around k ∼ 0.01h Mpc−1 although
to substantiate this would require data at scales in between those probed by COBE and by galaxy
surveys, such as would be provided by intermediate scale CMB anisotropy experiments.
It is interesting to ask what would be the expectation for the angular anisotropy of the CMB
if the primordial spectrum indeed has the shape shown in figure 1. To determine this we have run
the COSMICS code [42], which numerically solves the coupled linearized Boltzmann, Einstein and
fluid equations for the perturbation in the photon phase space distribution, with the primordial
spectrum reconstructed from the APM data as the input. (We have forced the APM slope to be
unity at very large scales for consistency with COBE; the implied quadrupole moment is however
higher than the COBE measurement by a factor of about 1.5 reflecting the bias of APM galaxies
with respect to the dark matter.) The multipoles are plotted in figure 2, taking ΩN = 0.05,
h = 0.5, along with a compendium of recent observational data [6]. We see that the heights of
the secondary Doppler peaks are suppressed relative to the prediction of the COBE-normalized
standard CDM model, which assumes nR = 1. (This conclusion would be further strengthened if
the the APM curve were to be lowered by a factor of 1.5 in order to be normalized to COBE.)
Again this prediction is robust regardless of the analytic form is used to recover the linear spectrum
from the APM data. A precision measurement of this region of the CMB angular power spectrum
will be made by the forthcoming PLANCK (formerly COBRAS/SAMBA) mission.
If the picture we have presented receives observational verification it will be the first step in
determining the structure of the physical theory at high energies from astronomical measurements
of the density perturbation. Other interesting possibilities are raised by multiple inflation. Since
inflation now lasts for a relatively short period, the density parameter Ω may be close to but not
quite equal to unity [45], depending on exactly how many e-folds of inflation the universe has
undergone. Regarding structure formation, given that more than one scalar field is involved, the
possibility of generating non-gaussian or even isocurvature fluctuations arises [26,44]. The latter
is particularly relevant to the possibility that the dark matter consists of axions [46]. It has been
noted that thermal inflation can relax the cosmological upper bound on the axion scale by several
orders of magnitude [8,12], so that string-theoretic axions may well constitute the dark matter
[47]. Alternatively, the relic abundance of bound states from the hidden sector (‘cryptons’) may
be diluted sufficiently so as to enable them to constitute the dark matter [48]; being metastable,
such particles may even be the source of the observed very high energy cosmic rays [49].
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FIG. 1. The spectral index of the primordial density perturbation implied by the APM data,
assuming a critical CDM universe with ΩN = 0.05, h = 0.5, and using two suggested procedures to
extract the linear spectrum. A scale-invariant spectrum, the usually assumed generic prediction of
inflation, is shown for comparison. The “notch” seen at k ∼ 0.1h Mpc−1 is in accordance with the
spectral feature expected due to an intermediate scale symmetry breaking phase transition.
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FIG. 2. The power spectrum of CMB anisotropy implied by the APM data, assuming a critical
CDM universe with ΩN = 0.05, h = 0.5, and using two suggested procedures to extract the linear
spectrum. The upper and lower envelopes correspond to the quoted ±1σ errors in the APM
data averaged over 4 zones. The expectation for a COBE-normalized standard CDM model (with
nR = 1) is shown for comparison, along with an unbiased compendium of observational data.
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